The importance of an accurate reference data set for excited-state energies and properties is unquestionable. Recently, we introduced a benchmark set [1] [2] [3] for vertical electronic excitation energies of 28 medium-sized molecules which represent the most significant organic chromophores. Theoretical best estimates were derived [1] from linear response CC3 and multistate CASPT2 calculations as well as high-level ab initio literature values. The main purpose of such a comprehensive reference data set is the validation of existing as well as newly developed methods and the parametrization of semiempirical or other adjustable methods. The proposed reference set has already been used in the validation of lower-level coupled cluster methods and approaches based on density functional theory [2] [3] [4] [5] .
In our previous work we employed a TZVP basis set [6] which was considered sufficiently flexible for the low-lying valence excited states that were of prime interest in our benchmarking. This choice of a medium-size basis set also enabled us to treat the majority of the reference molecules at the CC3 level. Since the TZVP basis lacks diffuse functions, it is less appropriate for higher-lying valence states F o r P e e r R e v i e w O n l y December 3, 2009 13:43
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and for states which are spatially extended and have (partial) Rydberg character. Therefore, the proper identification of such states may become problematic when using the TZVP basis as in our previous studies [1] [2] [3] , because the character of these higher-lying states might change upon basis set extension. Rydberg states can often be described effectively by adding a single set of very diffuse functions at the center of the molecule, as has e.g. been done for benzene or other polycyclic aromatic hydrocarbons (see Refs. [7, 8] and references therein), but this is not a convenient option for molecules of arbitrary shape. Therefore, we previously studied [1] the basis set dependence of the vertical excitation energy of the high-lying 1 1 B 1u singlet state in ethene, which is known to be rather diffuse and susceptible to valence-Rydberg mixing, using twelve different correlation consistent basis sets [9, 10] . When comparing against the essentially converged excitation energies computed with the most extended aug-cc-pV5Z and d-aug-cc-pVQZ basis sets, we found differences of more than 0.4 eV for the results with the TZVP basis, but excellent agreement for those with the aug-cc-pVTZ basis (deviations of less than 0.1 eV).
In this work we use the aug-cc-pVTZ basis set [9, 10] in a comprehensive study that includes all 28 original benchmark molecules in CC2 calculations and subsets of 21 and 8 molecules at the CCSDR(3) and CC3 levels, respectively. This basis set was chosen because it has been proven to be adequate in coupled cluster calculations of high-lying singlet states not only in the case of ethene [1] , but also for a number of other chromophores (see e.g. Refs. [11] [12] [13] [14] [15] ). However, even the aug-cc-pVTZ basis set is not optimal for Rydberg states in general, and hence additional molecule-centered diffuse basis functions may be necessary for an accurate description of states with significant valence-Rydberg mixing.
The paper is organized as follows: Computational details are described in the next section. The results for the aug-cc-pVTZ basis are presented and compared to those for the TZVP basis in the following section which also provides various statistical evaluations. The final section offers a summary.
Computational Details
All calculations were performed at the MP2/6-31G* optimized ground-state geometries [1] using the augmented aug-cc-pVTZ [9, 10] basis. The CCSDR(3) [16, 17] and CC3 [11, 18, 19] computations were carried out with the Dalton 2.0 program package [20] . Only singlet states were calculated, with the core electrons being frozen during the coupled cluster calculations which causes negligible deviations (less than 0.01 eV) compared with a fully correlated all-electron treatment [7] .
The CC2 [21, 22] calculations were done with the parallel version of program RICC2 [23] [24] [25] [26] from the TURBOMOLE package (version 5.10) [27] , employing the resolution-of-identity approximation [28, 29] and the appropriate auxiliary basis set provided by the TURBOMOLE library [30, 31] . In the case of CC2, both singlet and triplet excitation energies as well as one-electron properties (dipole moments and oscillator strengths in dipole length representation) were computed. It should be noted that the presence of diffuse functions in the basis set makes the assignment of states more difficult. As in our previous work [1, 3] , we used the expectation value r 2 as one of the criteria to determine the valence character of a given excited state and to identify valence-Rydberg mixings which can be pronounced especially in the high-lying states. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47 O n l y TZVP aug-cc-pVTZ TZVP aug-cc-pVTZ TZVP aug-cc-pVTZ
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Results
In Table 1 we present the results for singlet excited states obtained with the CC2, CCSDR(3) and CC3 methods and the aug-cc-pVTZ basis set. Those obtained previously with the TZVP basis set [1, 3] are also listed for comparison. Some higher-lying states of the original benchmark set (e.g. in formamide, formaldehyde, and naphthalene) are not included here due to problems in identifying these states when using the aug-cc-pVTZ basis set. Within an acceptable amount of compute time, we could afford to calculate a total of 22 states with the CC3 method and 99 states with the CCSDR(3) method. In both cases, the triples contributions scale formally as N 7 with the number of orbitals N . But while CC3 has an iterative triples contribution, CCSDR(3) is based on a pseudoperturbation theory expansion of the CC3 eigenvalue problem and thus includes essentially only a non-iterative triples correction which is added to the CCSD excitation energy. The efficient parallel implementation of the RI-CC2 method in the TURBOMOLE program allowed us to compute all the singlet excited states from the original benchmark set at the CC2 level.
In Figure 1 the correlation between the aug-cc-pVTZ and TZVP results is shown graphically for the three coupled cluster methods, while Figure 2 presents histograms for the deviations of the aug-cc-pVTZ from the TZVP results. The corresponding statistical data are given in Table 2 .
Upon inspection of the numerical results and the histograms in Figure 2 , one immediately sees a systematic lowering of the calculated excitation energies when going from the TZVP to the larger aug-cc-pVTZ basis, for each of the three coupled cluster methods. There are only three states at the CC2 level (4 1 A ′ in imidazole, 2 1 A ′′ in cytosine, and 3 1 A ′′ in uracil) and six at the CCSDR(3) level (2 1 A g in all-E-hexatriene, 2 1 A g in pyrazine, 1 1 A ′ 2 in s-triazine, 3 1 B 1g and 2 1 B 3g in s-tetrazine and 1 1 A u in p-benzoquinone) which have a higher energy with the aug-cc-pVTZ basis. These are mostly states with rather low single excitation weights, %R 1 , in the CC3/TZVP calculations [3] . The correlation (Figure 1 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 There is another particular outlier in pyrrole that requires some comment. A previous extensive coupled cluster study of pyrrole [32] found significant valenceRydberg mixing in the three lowest excited 1 B 2 states showing "similar diffuseness and oscillator strengths". We also see considerable mixing in our coupled cluster calculations: for example, both CC2/aug-cc-pVTZ and CCSDR(3)/aug-cc-pVTZ yield two strongly mixed 1 B 2 states at 6.25/6.85 eV and 6.23/6.81 eV, respectively. According to our standard assignment criteria, the more valence-like state occurs at higher energy for CC2 and at lower energy for CCSDR(3), by a small margin in each case, and the corresponding entries in Table 1 are thus 6.85 and 6.23 eV, respectively. At face value, this would seem to indicate a large discrepancy between the CC2 and CCSDR(3) results which are in reality quite similar (see above). We have refrained from imposing correlations between the assignments of separate calculations, to be as unbiased as possible, even though this will artificially deteriorate the statistical results to some extent. Our general conclusions are however not affected by this choice.
The mean and absolute mean deviations in Table 2 are of essentially the same magnitude (about 0.2 eV) for all three coupled cluster methods. This confirms that the basis set effects are very systematic. Looking at the finer details in Table 2 , we note that the basis set dependence is slightly more pronounced for CC2 than for CCSDR(3) and CC3, both for the full set of CC2 results as well as for the subset of states that is shared between CC2 and CCSDR(3). Comparing CCSDR(3) and CC3, the statistical data in Table 2 as well as the individual numerical results indicate an essentially identical basis set dependence of the computed vertical excitation energies. This suggests an incremental scheme where expensive CC3 calculations that may only be feasible with a smaller basis set (such as TZVP) are augmented with a basis set correction obtained at the cheaper CC2 or CCSDR(3) level.
For the 22 states where CC3/aug-cc-pVTZ results are available, this correction scheme has been tested, with statistical results listed in Table 3 . For the estimates obtained from the CC3/TZVP results plus the CCSDR(3) correction, the agreement with the CC3/aug-cc-pVTZ results is almost perfect, with negligible mean 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 e Subset of singlet states from Reference [3] , in order to compare directly with the present aug-cc-pVTZ results.
f Total number of considered states. Some data has been discarded whose assignment was considered unreliable.
and absolute mean deviations of 0.01 and 0.02 eV, respectively, and a maximum deviation of only 0.04 eV. The CC2 correction performs not quite so well: the mean and absolute mean deviations are still quite low (-0.02 and 0.08 eV, respectively), but there are outliers for states with a low CC3/TZVP single excitation weight (maximum deviation of -0.42 eV for 2 1 A g of butadiene and 1 1 E 2g of benzene, %R 1 below 70%).
In Table 4 we compare the performance of CC2 and CCSDR(3) relative to CC3, both for the TZVP [1, 3] and aug-cc-pVTZ basis sets. Table 5 provides an analogous comparison between CC2 and CCSDR(3), again for both basis sets. In each case, the given deviations refer to excitation energies calculated with a lower-level vs. a higher-level coupled cluster method (using the same basis). The mean and absolute deviations between the CCSDR(3) and CC3 results are essentially of the same magnitude (0.08±0.01 eV) for both basis sets. In the case of CC2, the mean absolute deviations from the CC3 and CCSDR(3) results are slightly smaller for the augcc-pVTZ basis (0.12 and 0.10 eV) than for the TZVP basis (0.16 and 0.11 eV) so that the higher-level results are reproduced slightly better with the larger basis.
Using the CC2 method we have also computed vertical excitation energies for triplet excited states as well as one-electron properties for singlet excited states (oscillator strengths and dipole moments). The correlation between the aug-cc- 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 pVTZ and TZVP results is shown in Figures 3 and 4 . The corresponding statistical data for the differences between the aug-cc-pVTZ and TZVP results are given in Table 6 . For the vertical triplet excitation energies, the CC2 results for the two basis sets exhibit very small mean and absolute mean deviations of -0.08 and 0.10 eV, respectively, as well as a very large correlation coefficient of 0.9977, which confirms the high quality of the previous CC2/TZVP results for the triplet states. Obviously the vertical excitation energies for the triplets are even less basis set dependent than those for the singlet excited states. The situation is less clear-cut for one-electron properties, i.e., for the oscillator strengths and dipole moments of the singlet excited states, which are apparently affected more strongly by the addition of further diffuse and polarization functions in the basis set. While extension of the basis set leads to a slight systematic lowering in the calculated vertical excitation energies, the one-electron properties change more randomly, although there is also a general overall trend towards lower absolute values (see Figure 4) . Stronger variations may be caused by changes in the composition of states when further diffuse and/or polarization functions are included: Two states which are composed of +/− combinations of configuration state functions and thus give rise to bright/dark states could mix differently upon basis set extension and then evolve into two states with moderate intensity. Generally speaking, the oscillator strengths and excited-state dipole moments depend more than the energies on the proper description of the excited-state wavefunctions, and they should thus be more susceptible to basis set effects (especially in the case of diffuse high-lying states). The largest changes in the oscillator strengths indeed occur for the high-lying states of cytosine (4A ′ : -0.238) and uracil (5A ′ : -0.287) where the intensities of these bright states are lowered considerably. For the dipole moments, the largest changes are found for the high-lying states of cytosine (4A ′ : -2.38 D and 5A ′ : -3.51 D). Turning to the statistics again, the correlation coefficients are 0.9659 for the oscillator strengths and 0.8325 for excited-state dipole moments (see Figure 4) , which are still reasonably large, but significantly smaller than those for the vertical excitation energies. In summary, the differences between the CC2/aug-cc-pVTZ and CC2/TZVP results for the one-electron properties are still appreciable, and convergence with regard to basis set extension thus appears to be slower for these properties than for the excitation energies.
Conclusions
We have revisited a benchmark set of electronically excited states. Vertical excitation energies to singlet excited states were calculated with the CC2, CCSDR(3) and CC3 coupled cluster linear response methods, using the same geometries as in previous studies, but with the augmented correlation-consistent aug-cc-pVTZ basis instead of the TZVP basis. A total of 143 states were covered at the CC2 level. Due to the high computational demands of CCSDR(3) and in particular CC3, a smaller number of states were investigated with these methods, i.e., 99 with CCSDR(3) and 22 with CC3. Inspection of the individual numerical results and statistical evaluations for the aug-cc-pVTZ and TZVP data show that the basis set effects on the calculated singlet excitation energies are rather uniform, for each of the three coupled cluster methods investigated. There is a systematic lowering of the computed energies upon basis set extension, of typically about 0.2 eV on average. This provides some justification for an incremental scheme where CC3 results obtained with a moderate basis are augmented by applying a basis set correction determined with a less costly coupled cluster method such as CC2 or CCSDR(3).
In the case of triplet excited states, the CC2 vertical excitation energies are even less basis set dependent than in the singlet case, since going from TZVP to aug-cc-pVTZ causes only a very minor lowering of typically 0.1 eV. By contrast, the changes in the CC2 oscillator strengths and dipole moments for singlet excited states are less systematic and sometimes rather random. Hence, further convergence studies are desirable for these one-electron properties.
To conclude, some of the calculated vertical excitation energies, in particular those to high-lying singlet states, are significantly lowered by the inclusion of additional diffuse and polarization functions in the aug-cc-pVTZ basis set (compared to TZVP), and further changes may be expected upon addition of molecule-centered diffuse functions for states with significant valence-Rydberg mixing. However, in an overall assessment of the present results, the effects of basis set extension on the vertical excitation energies of the chosen benchmark set are rather minor. Therefore, our previous conclusions on the performance of the coupled cluster methods CC2, CCSDR(3), and CC3 in excited-state studies remain valid [1, 3] . 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
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